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A structurally defined mini-chromosome vector for the mouse
germ line
Ming Hong Shen*, P. Joseph Mee†, Jennifer Nichols†, Jian Yang*, Frances Brook‡,
Richard L. Gardner‡, Austin G. Smith† and William R.A. Brown*
Yeast artificial mini-chromosomes have helped to
define the features of chromosome architecture
important for accurate segregation and replication [1]
and have been used to identify genes important for
chromosome stability [2] and as large-fragment
cloning vectors. Artificial chromosomes have been
developed in human cells [3,4] but they do not have
defined, experimentally predictable structures.
Fragments of human chromosomes have also been
introduced into mice [5,6] and in one case passed
through the germ line. In these experiments, however,
the structure and sequence organization of the
fragments was not defined. Structurally defined
mammalian mini-chromosome vectors should allow
large tracts of DNA to be introduced into the
vertebrate germ line for biotechnological purposes
and for investigations of features of chromosome
structure that influence gene expression. Here, we
have determined the structure and sequence
organization of an engineered mammalian
mini-chromosome, ST1, and shown that it is stably
maintained in vertebrate somatic cells and that it can
be transmitted through the mouse germ line. 
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Results and discussion
Mini-chromosome ST1 was generated when a mini-chro-
mosome consisting exclusively of human DNA acquired
mouse centromeric sequences after transfer into mouse
embryonic stem (ES) cells [7]. ST1 is linear, approxi-
mately 4.5 Mb, and contains mouse major and minor satel-
lites as well as human DNA including tandemly repetitive
alphoid DNA sequences (see Supplementary material) [7].
We wished to determine whether ST1 was stable in
animals and could be moved through the germ line intact.
We mapped ST1 in order to confirm whether it retained
its integrity during these manipulations. Mouse LA-9 cells
are very efficient as donors of chromosomes in microcells
to ES cells and other cell types, so ST1 was moved into
LA-9 cells and then into chicken DT40 cells for mapping,
and in parallel into human HT1080 cells in order to study
the stability of the mini-chromosome in another species
and into ES cells to study transmission and stability in
mice. During these manipulations, we confirmed the
structural integrity of ST1 by pulsed-field gel elec-
trophoresis (Figure 1a) and by assaying for the sequence-
tagged site (STS) markers [8] sy106, 78, 90, 97 and 109,
which identify ST1 [7] (data not shown).
In order to map ST1, we digested DNA extracted from
the DT40 ST1 cells with a range of enzymes, separated
the fragments, blotted the gels and probed them with
human alphoid DNA, mouse major satellite and mouse
minor satellite probes (Figure 1b,c and see Supplementary
material). We also used these probes for fluorescence
in situ hybridisation (FISH; Figure 1d). These analyses
resulted in the restriction map shown in Figure 1e. The
complex sequence organization of ST1 raised the question
of which sequences were functioning as the centromere.
FISH (Figure 1d) suggested that the primary constriction
was associated with the minor satellite, so this is probably
the centromere. 
Our previous data had suggested that ST1 was mitoti-
cally stable in the CGR8 ES cell line [7], but we later
found that they were aneuploid and were therefore likely
to have lost their ability to differentiate into germ-line
cells. We therefore transferred ST1 from the LA-9 cells
into the ES cell line ESF58/2 and confirmed by STS
analysis (data not shown), pulsed-field gel electrophore-
sis (Figure 2a) and FISH (see Supplementary material)
that ST1 was stably maintained in the ESF58/2 line. We
also measured the stability of ST1 in LA-9 cells, in
human fibroblast cells and in DT40 cells (Figure 2a and
see Supplementary material). These measurements
established that the mini-chromosome is structurally
stable and is lost less often than one division in every
600. We therefore investigated the stability of ST1 in
animals. Firstly, we generated ESF58/2-derived
chimeras with MF1 mice. Three male animals, which
were strongly chimeric as judged by coat color, were sac-
rificed at eight months of age and the proportion of the
tissue derived from the ES cell line was measured by
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filter hybridization with a probe that recognized a poly-
morphism between the strain MF1 tissue of the host and
the 129 tissue derived from the ES cell line at the mouse
α-globin locus (Figure 3c). The proportion of the tissue
containing the mini-chromosome was then estimated by
filter hybridization with a human alphoid DNA probe
(Figure 2b and see Supplementary material). We verified
that all of the STS markers characteristic of ST1 were
present in the tissue sampled from the chimeric animals
(data not shown) and the size of the mini-chromosome
was confirmed by pulsed-field gel electrophoresis
(Figure 3b). Finally, FISH demonstrated that the mini-
chromosome existed autonomously in the karyotype of
bone marrow cells extracted from each of the chimeras
(data not shown). 
In order to establish conditions for transmission of the
mini-chromosome through the germ line, we established
further chimeras with C57BL/6 host blastocysts. This led
to six more male chimeras and three female chimeras.
None of the males transmitted either the mini-chromo-
some or the ES cell genome. Two of the three female
chimeras, however, transmitted the ES cell genome and
one of these, named Pearl, transmitted the mini-chromo-
some (Figure 3a). In these female chimeras that transmit-
ted the ES cell genome, we suppose that the male
ES-cell-derived germ cells had either been feminized by
female somatic cells of the host or had lost the Y chromo-
some. Pearl had ten pups, all of which were derived from
the ES cell line and two of which, Q1 and E2, contained
the mini-chromosome. Q1 had 31 pups and failed to trans-
mit the mini-chromosome before being sacrificed. So far,
E2 has had 17 pups and transmitted the mini-chromosome
on one occasion to a male, QQ8. QQ8 sired one litter of 14
pups, transmitted the mini-chromosome to three of these
and was then sacrificed. DNA and cytogenetic analysis
(Figure 3b,c) demonstrated that the mini-chromosome was
transmitted intact to QQ8 and was present in about 80% of
the cells in this animal, although the degree of mosaicism
varied between different tissues (Figure 3c,d). 
ST1 appeared to be transmitted to Q1 intact (Figure 3b)
but STS analysis indicated that one of the five STS
markers on the starting mini-chromosome had been
deleted (data not shown). Mapping by pulsed-field gel
electrophoresis demonstrated, however, that the maps of
the starting ST1 and of the mini-chromosomes in Q1 and
QQ8 were indistinguishable. We therefore conclude that
the rearrangement of ST1 in Q1 is likely to be small. Mea-
surements of the retention of the mini-chromosome in Q1
indicated that only about 30% of the cells in the animal
retained ST1 and thus, like QQ8, it is mosaic (Figure 3e,f).
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Figure 1
Mapping of mini-chromosome ST1. (a) Pulsed-field gel analysis of mini-
chromosome ST1 transferred to different cell types by microcell transfer.
The gel was blotted and hybridized with an alphoid DNA probe. The
signal at the top of the HT1080 lanes corresponds to the Y
chromosome. Saccharomyces cerevisiae chromosomes were used as
size markers. (b,c) DNA extracted from DT40 cells containing the ST1
mini-chromosome was digested with the indicated enzymes, size
fractionated by pulsed-field gel electrophoresis and hybridized
sequentially with the indicated probes (L1 detects euchromatic DNA).
(d) Image of ST1 analysed by FISH with an alphoid DNA probe (yellow),
a minor satellite probe (red) and a major satellite DNA probe (green). The
image shows that the primary constriction on the mini-chromosome is
associated with the mouse minor satellite DNA. (e) Restriction map of
ST1 as deduced from the data in (b,c) and the Supplementary material.
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The observation that the mini-chromosome is present in a
mosaic distribution in Q1 and QQ8 is consistent with clini-
cal genetic studies of patients with small marker chromo-
somes, and is thus not surprising. It is striking, however,
that the mini-chromosome is apparently stable in chimeras
but shows a mosaic distribution after transmission. One
explanation for this discrepancy that we cannot exclude is
that the mini-chromosome has undergone structural
rearrangement in the germ line. The size and cytogenetic
appearance of the mini-chromosome are unaltered after
transmission and it would thus seem unlikely that there
has been a large rearrangement, but we cannot exclude
the possibility that a short sequence essential for stability
has been deleted. A second possibility is that mini-chro-
mosome stability in mice depends upon genetic back-
ground. A third explanation is that the cleavage divisions
after fertilization are particularly prone to inaccurate segre-
gation of the mini-chromosome. This could reflect a
failure to activate the anaphase checkpoint until several
post-zygotic divisions and would be consistent with the
failure of the anaphase checkpoint to operate in female
meiosis. Further work will be required to distinguish
between these possibilities.
Here, we have defined the structure of a 4.5 Mb mam-
malian mini-chromosome and shown that it can be
moved intact between a wide variety of vertebrate
somatic cells; the mini-chromosome is structurally and
mitotically stable in human, mouse and chicken cells, so
we conclude that it would be likely to be stable in a wide
variety of vertebrates, including agricultural livestock.
The mini-chromosome can be moved in and out of the
hyper-recombinogenic chicken cell line DT40. This
chicken cell line allows efficient modification of verte-
brate chromosomes by gene targeting techniques [9], so
we also conclude that it should be possible to efficiently
modify our mini-chromosomes in DT40 cells prior to
moving them into the mammalian germ line. This will
allow the construction of a variety of mini-chromosomes
of defined structure. Such modified mini-chromosomes
could be exploited for biotechnological purposes and
studied to define the features of chromosome architec-
ture important for chromosome stability. Finally, we
have shown that our mini-chromosome can be transmit-
ted, albeit inefficiently, through the mouse germ line. In
work not described here, we are taking the mini-chromo-
some containing animals sired by QQ8 and using them
to establish strains of mice carrying the mini-chromo-
some ST1 on a variety of genetic backgrounds. These
animals may allow us to initiate a systematic analysis of
the genes affecting chromosome stability and transmis-
sion in mice. 
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Figure 2
Mitotic stability of mini-chromosome ST1. (a) Pulsed-field gel
electrophoresis of mini-chromosome ST1 in various cell types in the
absence (–) and presence (+) of selection (hygromycin). Cells were
sampled immediately (t0) and at 15 days (t1) and 30 days (t2) and
DNA was extracted and analysed for the presence of the mini-
chromosome by pulsed-field gel electrophoresis and filter
hybridization with an alphoid DNA probe. The right-hand lane
contains DNA extracted from HT1080 cells lacking ST1 and
illustrates the hybridization signal due to the alphoid DNA on the Y
chromosome in the HT1080 cell line. Assuming a doubling time of
12 h and an ability to detect a 10% loss in the copy number of the
mini-chromosome. These measurements show that the mini-
chromosome is structurally stable and is lost less often than one
division in every 600. (b) Stability of mini-chromosome ST1 in mouse
chimeras. Three chimeras from injection of ESF58/2 cells containing
mini-chromosome ST1 into MF1 blastocysts were sacrificed and
dissected. DNA was extracted from the indicated tissue, digested
with EcoRI and PstI and analysed by gel electrophoresis and filter
hybridization with a human alphoid DNA probe, a probe flanking an
informative variable number of tandem repeats marker at the mouse
α-globin locus and a probe at the mouse spinal muscular atrophy
locus. The results from one mouse are shown; those from two others
are shown in the Supplementary material. The hybridization signals
were measured after phosphor imaging and used to estimate the
proportions of each tissue that was derived from the ES cells or
containing the mini-chromosome. A copy number of one mini-
chromosome per cell was assumed for all tissues on the basis of
analyses of bone marrow cells by fluorescent in situ hybridization.
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Supplementary material
Supplementary material including additional data from restriction
mapping, fluorescence in situ hybridization, and stability analyses and
additional methodological details is available at http://current-
biology.com/supmat/supmatin.htm.
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Figure 3
Germ-line transmission of mini-chromosome ST1. (a) Transmission of
mini-chromosome ST1 from the founding female chimera named Pearl
to her daughters Q1 and E2, from E2 to her son QQ8 and then from
QQ8 to his three offspring C9, C11 and C4. (b) Pulsed-field gel
electrophoresis of ST1 in the three MF1 chimeras (chimeras 1–3)
analysed in Figure 3b, of a single C57B6 chimera (chimera 4) and of
the mice Q1 and QQ8. (c,e) Fluorescence in situ hybridization analysis
of mini-chromosome ST1 in mice (c) QQ8 and (e) Q1; the left-hand
panels show the metaphase chromosomes from the respective animals
probed with alphoid DNA (yellow), mouse minor satellite (red) and
major satellite (green) and the right-hand panels show the alphoid DNA
(yellow) detected in interphase nuclei from the same mice. The small
panel shows the region of the spread with the mini-chromosome.
(d,f) Retention of ST1 in the mice (d) QQ8 and (f) Q1, as estimated by
digestion with EcoRI and PstI, blotting and hybridization with a human
alphoid DNA probe compared with hybridization to a single-copy probe
from the SMA locus as a measure of DNA loaded.
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